The genomic landscape of recombination rate variation in Chlamydomonas 1 reinhardtii reveals a pronounced effect of linked selection Abstract 28 Recombination confers a major evolutionary advantage by breaking up linkage dise-29 quilibrium (LD) between harmful and beneficial mutations and facilitating selection. 30 Here, we use genome-wide patterns of LD to infer fine-scale recombination rate 31 variation in the genome of the model green alga Chlamydomonas reinhardtii and 32 estimate rates of LD decay across the entire genome. We observe recombination 33 rate variation of up to two orders of magnitude, finding evidence of recombination 34 hotspots playing a role in the genome. Recombination rate is highest just upstream 35 of genic regions, suggesting the preferential targeting of recombination breakpoints 36 in promoter regions. Furthermore, we observe a positive correlation between GC 37 content and recombination rate, suggesting a role for GC-biased gene conversion 38 or selection on base composition within the GC-rich genome of C. reinhardtii. We 39 also find a positive relationship between nucleotide diversity and recombination, 40 consistent with widespread influence of linked selection in the genome. Finally, we 41 use estimates of the effective rate of recombination to calculate the rate of sex that 42 occurs in natural populations of this important model microbe, estimating a sexual 43 cycle roughly every 770 generations. We argue that the relatively infrequent rate of 44 sex and large effective population size creates an population genetic environment 45 that increases the influence of linked selection on the genome. 46 47 48 49 50 51 52 53 Recombination, the shuffling of existing genetic material, is both a fundamental 55 evolutionary process and required to ensure proper disjunction of chromosomes 56 during meiosis. Meiotic recombination has two possible outcomes: crossing over (CO) 57 and non-crossing over (NCO), also known as gene conversion. There is clear evidence 58 that recombination rate varies at multiple scales across nature, with variability 59 observed within and between taxa as well as within the genome (Stapley et al., 60 2017). Recombination reduces interference between linked adaptive and harmful 61 mutations and therefore is an important determinant of how well natural selection 62 can act. The spatial heterogeneity of recombination within genomes means that 63 local recombination rate is an important determinant of the efficacy of selection 64
across the 17 chromosomes of C. reinhardtii, modeled according to equation 3 from Hill and Weir (1988) . 164 Recombination rate is highest immediately surrounding genes 165 To investigate the correlates of recombination across the genome, we examined how 166 ρLD varied with different functional annotations in the C. reinhardtii reference 167 genome (Merchant et al., 2007) (Fig. 2 ). We found that recombination rate was 168 11.9% higher in intergenic regions (mean ρLD = 0.004877) than genic regions (mean 169 ρLD = 0.04358, Mann-Whitney U test, p < 2.2 × 10 −16 ). Within intergenic regions, 170 proximity to genes is a strong predictor of elevated recombination rate, with sites 171 within 2 kb of genes displaying 24.2% higher mean ρLD than the genome background 172 (mean ρLD of sites within 2 kb of genes = 0.005510). There is a striking and 173 statistically significant 63% increase in recombination within the 2 kb upstream of 174 genes compared to the adjacent 5' UTR (Mann-Whitney U test, p = 3.16 × 10 −16 ; 175 ρLD upstream = 0.005707, ρLD 5' UTR = 0.003498). Contrary to our expectations, If background selection and selective sweeps are common, we expect that linked 204 selection will drive a reduction in neutral diversity in regions of low recombination. To 205 examine whether linked selection was occurring in the C. reinhardtii genome, we first 206 examined the relationship between our ρLD estimates and neutral nucleotide diversity 207 (θ π = 4N e µ) in non-overlapping 10 kb windows using a partial Spearman's correlation.
208
Here, we controlled for functional density, defined as the number of coding sites per 209 window, since functional density may correlate with either or both of recombination 210 rate and nucleotide diversity and confound the relationship between the two (Payseur 211 and Nachman, 2002, Flowers et al., 2012) . We found θ π at selectively unconstrained 212 (intronic, intergenic, and four-fold degenerate) sites was positively associated with 213 ρLD (R 2 = 0.3385, p < 2.2 × 10 −16 ), in alignment with expectations from linked selection ( Fig. 3A ). Concordant with this observation, we found nucleotide diversity to the surrounding 80 kb of sequence (θ π = 0.01793, 95% CI = 0.0179-0.0181, p 218 < 2.2 × 10 −16 ).
219
Despite the strong correlation observed above, it stands that both diversity and 220 ρLD are confounded by N e , which will vary across the genome due to selection, physical recombination rate, which is unaffected by N e . Here, we obtained a positive 231 and significant correlation between ρLD and log-scaled CO density, weighting for 232 the number of sites in each bin ( Fig. 3B , R 2 = 0.559, p = 9.84 × 10 −10 ), indicating 233 that variation in ρLD is indeed reflective of variation in r and not just N e .
234
Next, we extended the same binning method to directly investigate whether COs 235 tend to occur more frequently in regions of the genome with higher diversity. Here, 236 we calculated θ π in windows across the genome and then binned sites according 237 to their diversity. (see Methods). We calculated CO density values for the sites 238 in the genome corresponding to each bin. We found CO density and θ π were also 239 significantly correlated ( Fig. 3C , R 2 = 0.383, p = 0.0016), further suggesting the 240 action of linked selection in the genome. Recombination rate is positively correlated with GC content 242 Recombination rate has also been found to correlate with GC content in a variety 243 of systems (Mugal et al., 2015) . This relationship is often attributed to GC-biased 244 gene conversion (gBGC), in which heteroduplex mismatches between GC and AT 245 bases formed during recombination are preferentially repaired in favour of GC 246 nucleotides (Galtier and Duret, 2001) . From a population genetic perspective, this 247 effect is indistinguishable from positive selection in favour of GC alleles, and can 248 thus substantially impact genome evolution Galtier, 2009, Ratnakumar 249 et al., 2010) . C. reinhardtii is known to have a highly GC-rich genome (64%) despite 250 a strong A/T mutational bias, raising the possibility that gBGC may have played a 251 role in the evolution of its genome (Ness et al., 2015) . Here, we find that GC content 252 does display a positive correlation with recombination rate in non-overlapping 10 kb 253 windows (Spearman's ρ = 0.3028, p < 2.2 × 10 −16 ).
254
Estimating the frequency of sex in C. reinhardtii 255 Due to the fact that mutations arise every cell division (each meiosis and mitosis) 256 yet only a fraction of cell divisions are sexual (f ) and allow recombination to occur. 257 We can therefore use estimates of neutral diversity (θ = 2N e µ) and population 258 recombination rate (ρ = 2N e r) combined with lab estimates of µ and r to roughly 259 estimate the relative frequency of mitosis to meiosis, or the frequency of clonal relative 260 to sexual reproduction (Ruderfer et al., 2006 , Tsai et al., 2008 . If we are to take r to hotspots. We also find an enrichment of recombination hotspots within 2 kb of 277 genes that leads to an overall increase in recombination rate surrounding genes,
278
in concordance with observations in a number of other PRDM9-lacking organisms.
279
The variation in recombination rate across the genome is correlated with nucleotide 280 diversity, suggesting that the influence of linked selection is widespread in the genome 281 and that recombination is a major driver of genetic variation. Lastly, we have used 282 our estimate of the population recombination rate to estimate the frequency of sex 283 as being once every ∼ 770 generations in C. reinhardtii, allowing for further insights 284 into the ecology and evolution in of this model organism in nature.
285
Assuming an N e of 1.4 × 10 7 (Ness et al., 2016) , the genome-wide ρLD estimate of 286 4.43 × 10 −3 can be converted to an estimate of r = ρ/2N e = 0.016 cM/Mb, following 287 the method described in Auton and McVean (2012) . Although this estimate of 288 genome-wide r on its own is approximately two orders of magnitude below most plants 289 (Henderson, 2012) , including the parameter f (= 0.001292) such that r = ρ/2N e f 290 yields a genome-wide recombination rate estimate of r = 12.25 cM/Mb, which is 291 closer to the estimate of r = 9.15 cM/Mb from the genetic map of C. reinhardtii 292 (Kathir et al., 2003 , Merchant et al., 2007 , Henderson, 2012 . This suggests that in 293 C. reinhardtii, infrequent sex reduces effective recombination, bearing consequences 294 for the effects of linked selection in the genome (see below).
295
Between chromosomes, we observe variation in mean recombination rates across 296 an order of magnitude, and also find that recombination rate inversely correlates with 297 chromosome length (Fig. S2) , a relationship consistent with prior studies in a variety 298 of organisms (Kaback et al., 1992) . Given that each chromosome requires at least 299 one crossover event to ensure proper meiotic disjunction (Page and Hawley, 2003) , it 300 follows that shorter chromosomes exhibit higher per-base crossover rates, resulting in 301 more pronounced signatures of LD breakdown. Furthermore, C. reinhardtii exhibits 302 moderate rates of LD decay across all 17 chromosomes. Our estimates of the distance 303 (≤10 kb) at which LD (r 2 ) decays to baseline LD levels are shorter than those 304 obtained in a previous study of C. reinhardtii that reported a decay to baseline 305 within ∼ 20 kb (Flowers et al., 2015) . The difference between our estimates may be population structure increasing LD among variants.
312
At the 2 kb scale, we find widespread recombination hotspots across the genome, 313 similar to observations in mammals, angiosperms, and yeast (Stapley et al., 2017) .
314
On the other hand, this recombination profile is unlike that of both C. elegans, 315 which has a comparatively homogenous fine-scale recombination landscape (Rockman 316 and Kruglyak, 2009, Kaur and Rockman, 2014) as well as D. melanogaster, which 317 displays some degree of fine-scale heterogeneity but little evidence for highly localized 318 elevations in recombination rate (Chan et al., 2012 , Manzano-Winkler et al., 2013 . 319 We see elevated recombination and an enrichment of hotspots within regions 320 immediately flanking genes in C. reinhardtii, consistent with a trend conserved across 321 the lineages of nearly all PRDM9-lacking organisms studied thus far. Specifically, 322 recombination hotspots upstream of genes have been observed in fungi (Berchowitz 323 et al., 2009 , Tsai et al., 2010 , Lam and Keeney, 2015 , finches (Singhal et al., 2015) , as 324 well as angiosperms, such as wheat (Saintenac et al., 2009) , maize and 325 A. thaliana (Wijnker et al., 2013 , Choi et al., 2013 . In addition, the same pattern is 326 observed in the mammalian Canidae family, where PRDM9 was lost relatively recently 327 (Axelsson et al., 2012 , Auton et al., 2013 . In these PRDM9-lacking organisms, 328 chromatin structure has been invoked as an explanation of recombination hotspot 329 conservation upstream of genes (Wu and Lichten, 1994, Lichten, 2008 to more easily induce double strand breaks in these regions (Pan et al., 2011, Lam 335 and Keeney, 2015). Our observations of elevated recombination rate immediately flanking genes suggest a similar mechanism acting in the C. reinhardtii genome, and 337 show that this trend is even more wide-spread, extending to green algae.
338
Within genes, however, we observe more surprising patterns in recombination 339 rate variation. We might expect that recombination rates will evolve to be lower in 340 functional regions, so as to suppress adverse mutagenic effects that may result from 341 crossing over. Furthermore, recombination events in functional regions that result 342 in deleterious mutations may be selected against and therefore reduce evidence of 343 recombination. The 5' UTR in C. reinhardtii displayed the lowest recombination rate 344 of any annotation, despite recombination rate elevations observed in the UTRs of 345 other species (Mancera et al., 2008 , Kawakami et al., 2017 . One explanation could 346 be that recombination-associated deleterious mutations in the functional components 347 of the UTR region might have been eliminated by selection, increasing observed LD.
348
However, were this the case, we would expect a similar trend in protein-coding exons, 349 where we instead observe the highest rates of within-gene recombination. Moreover, to hold from the current data. Thus, either recombination is not mutagenic in C.
355
reinhardtii, or we must invoke another mechanism, such as chromatin conformation 356 or some yet to be discovered driver of recombination, to explain the observed We find that ρLD positively correlates with nucleotide diversity across the genome 362 of C. reinhardtii, indicating the action of linked selection (Fig. 3) . This correlation 363 is also observed using the CO dataset of Liu et al. (2017) as a proxy for physical recombination rate (Fig. 3C) , which unlike ρLD and θ π is not scaled by N e . Theory predicts that the correlation of recombination and diversity arises as a consequence 366 of background selection and/or selective sweeps reducing diversity in regions of 367 otherwise low recombination (Charlesworth et al., 1993 , Cutter and Payseur, 2013 , 368 Campos et al., 2017 . We also find diversity to be higher in hotspot regions than 369 coldspot regions, which is to be expected if linked selection is less pronounced in 370 regions of elevated recombination.
371
Our result suggests that linked selection is a strong determinant of standing 372 genetic variation in C. reinhardtii. Given that C. reinhardtii is likely to have a 373 very high effective population size (Ness et al., 2012) it is expected that many 374 mutations will be effectively selected (i.e. N e s > 1) (Kimura, 1962) . However, while 375 the effective population size is very large, the relatively infrequent rate of sex (see 376 below) means that the effective recombination rate is not particularly high relative to 377 obligately sexual species. The interaction of a large N e facilitating efficient selection 378 alongside reduced recombination due to a facultatively sexual life cycle means that 379 the influence of linked selection may be pronounced in the genome, and modulated 380 less by recombination rate per se than would be the case in obligate outcrossers.
381
This principle may be more widespread in unicellular eukaryotes, which live in large 382 populations that are only periodically sexual.
383
In addition, we also find a weakly positive correlation between GC content and 384 local recombination rate. Our result is consistent with a trend seen in other organisms 385 such as yeast (Gerton et al., 2000) , 0.000 0.004 0.008 0.012 0.000 0.004 0.008 0.012 0.000 0.004 0.008 0.012 ρLD estimates, block = 10 ρLD estimates, block = 10 ρLD estimates, block = 50 ρLD estimates, block = 50 ρLD estimates, block = 100 ρLD estimates, block = 100 A B C Figure S3 : Variation in LDhelmet block penalty has minimal effects on recombination rate estimates. ρLD estimates from independent LDhelmet runs on chromosome 12 of C. reinhardtii over three different block penalties (10, 50, and 100) were summarised in non-overlapping 500 bp windows. Each point represents ρLD in one 500 bp window. A Comparison of ρLD estimates from LDhelmet runs at block = 10 and block = 50 (R 2 = 0.9854) B Comparison of ρLD estimates from LDhelmet runs at block = 10 and block = 100 (R 2 = 0.9846) C Comparison of ρLD estimates from LDhelmet runs at block = 50 and block = 100 (R 2 = 0.9971). Table S1 : Field strains of C. reinhardtii used in this study. All strains were obtained from the Chlamydomonas Resource Center (chlamycollection.org). Mating types of mt-strains CC-3059 and CC-3062 are mislabelled as mt+ on the Resource Center website, and are instead mt-individuals (R.J. Craig, personal communication)
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